The use of a bench scale apparatus (often referred to as a 'collimated beam') to apply fluences to water samples is common practice in disinfection research and in validating the performance of full-scale UV disinfection reactors. This study investigated the sources of potential experimental variations in the calculation of fluence when conducting polychromatic collimated beam exposures.
INTRODUCTION
A bench scale ultraviolet (UV) experimental apparatus commonly referred to as a 'collimated beam' (Figure 1) is used for applying known UV fluences to water samples, for example to measure microbial inactivation in different water matrices when designing and validating the performance of full-scale UV disinfection reactors for water and wastewater treatment.
When a polychromatic UV source is used in a collimated beam (e.g. a medium pressure mercury vapour UV lamp, versus a low pressure mercury vapour UV lamp emitting predominantly at 253.7 nm), there is added complexity in the fluence calculation, because of the need to account for several factors across the entire range of UV wavelengths, such as the spectral output of the lamp, the absorbance of the water, the sensitivity of the sensors used, and the sensitivity of the target microorganism in the study. The latter is summarised in what is known as an 'action spectrum', which is a plot of the relative germicidal effectiveness of each UV wavelength (Meulemans ). An action spectrum can be determined using a polychromatic UV light source fitted with band pass filters, to consider the germicidal contribution of each individual wavelength (or narrow wavelength bands) ( Jagger ).
Bolton & Linden () and Kuo et al. () both discussed the standardisation of collimated beam protocols. Bolton & Linden () addresses methodology in detail for both monochromatic and polychromatic exposures and has been widely cited. In this protocol the following additional parameters for polychromatic exposures are specified:
• Sensor factoraccounting for the spectral sensitivity of the radiometer relative to the 'measured or known spectral output' of the lamp that is used for the exposures.
• Germicidal factoreither the action spectrum for the target organism or a surrogate spectrum, such as the UV absorption of DNA, to account for the differing effectiveness of various UV wavelengths.
In addition to these two factors, the use of a quartz window above the shutter to limit the effect of temperature variations on the lamp output is recommended, as well as verification of the spectral output of the lamp every 300 hours. Guo et al. () described the potential for error when using a generic spectral sensitivity for a particular radiometer model (i.e. sensor factor). Additional methodological development is needed for the polychromatic collimated beam exposure protocol for a number of reasons. Rochelle et al. () recently demonstrated the variations in UV fluence that are possible even by following the best practice recommended to-date. Furthermore, only a small number of publications that describe the use of a collimated beam with a medium pressure lamp include spectral lamp measurements, and in these formative publications on collimated beam protocol significant differences can be seen in the lamp output spectra presented. The key differences being the size of the spectral peak between 250 and 260 nm and the output below 220 nm ( Figure 2 ).
The potential for some spectral change in medium pressure UV lamps in a collimated beam arising from varying lamp power has been raised (Knight ) , however no previous studies have provided explanations for the distinct spectral variations reported in the literature and the potential impact of this on fluence calculations. The aim of this study was to quantify the impacts arising from variations in experimental procedures when conducting polychromatic collimated beam exposures and to make proposals to improve polychromatic collimated beam protocol. This was achieved by assessing possible causes of spectral variation, these being:
• spectral transmission of the quartz window and any variation in transmission with increasing temperature;
• the impact of temperature/lamp cooling on the spectral output of the lamp;
• the spectral output of the lamp when measured from different angles relative to the lamp.
METHODS
A 1 kW HNG MP lamp and ballast (Phillips Advance 71A87R3, Rosemont, Illinois, USA) configured within a Rayox © collimated beam apparatus (Calgon Carbon, Pittsburgh, Pennsylvania, USA) were tested and subsequently a second lamp (Hanovia CBT003, Slough, UK) was assessed using the same ballast. The lamps were operated horizontally Experiment C -Verification of angular spectral output -Spectral measurements were taken using OO2000 at 140 mm with a 0.25 × 0.25 mm aperture with the use of a manual shutter.
Measurements were taken at 0 W (horizontal), þ45 W and þ90 W (above the lamp), and À45 W and À90 W (below the lamp). may transition to (Flesch ), the effect being that the spectrum broadens from the emission mercury lines (185 and 253.7 nm) to a continuous output from the far UV to the infrared region of the electromagnetic spectrum. Figure 5 illustrates the reverse effect due to the reduction of lamp body temperature and consequentially plasma temperature and therefore internal pressure; this can be seen when comparing the spectrum displayed at a higher temperatures and voltages (e.g. 267 V 245 W C) to that of lower temperatures and voltages (e.g. 55 V 53 W C). Importantly the spectral output is changed across the whole 200-320 nm spectral region versus only certain regions of the spectrum as discussed earlier.
RESULTS
Experiment C showed a distinct variation in spectral output depending on the angle of measurement using the spectroradiometer relative to the surface of the lamp, which was not consistent across the wavelength range examined ( Figure 6 ). Noticeable changes in the 250-260 nm peak and <230 nm region were observed.
DISCUSSION
The possibility for spectral variation of a polychromatic (medium pressure) UV lamp has been shown in Exper- greater re-absorption of the 253.7 nm mercury emission line and reduction of the 250 -260 nm peak ( Figure 6 ). An increased number of collisions between production at the arc and emittance at the lamp wall may well cause the production of photons of higher wavelengths in favour to those of higher energy and lower wavelengths (Elenbaas ) . As this did not lie within the scope of this study and the measured spectral range was not of sufficient breadth this could not be verified. It is clear, however, that lamps that operate at a mercury pressure that is high enough to cause a rise in the arc may produce nonideal spectral outputs for disinfection studies, in which the entire range of UV wavelengths 200-300 nm is desired.
Appropriate collimated beam design that enables a medium pressure UV lamp to function within its design parameters by creating an environment of an appropriate temperature, and the verification of spectral output of the lamp at regular intervals as proposed by Bolton & Linden () are necessary. It is also clear from the results of the present study that the spectral output of the lamp based on the results described cannot be a 'known' quantity unless it is measured at the same temperature and orientation, accounting for any additional absorbance of UV light such as by the quartz window (although the latter in this case was a relatively minor effect, as shown in Experiment A). Sufficient confidence that these conditions and therefore the spectral output of the lamp will remain stable throughout the exposure is critical.
To illustrate the potential magnitude of impact of these variations on a UV fluence calculation, for example for use in a UV disinfection study, example fluence calculations produced using a recommended medium pressure UV fluence spreadsheet (www.iuva.org) (Bolton & Linden ) were conducted with the following parameters: a 50 mm diameter Petri dish, 10 mm deep water layer, three specified water matrices with different UV absorbance profiles To provide additional confidence in the previous conclusion of an anisotropic spectral output, a potential solution was devised for verification, with a secondary aim of increasing the spectral range available in the collimated beam. Three prototype lamps (Hanovia Ltd, Slough, UK) were constructed to the authors' design with a reduced internal mercury pressure, on the premise that a more uniform (i.e. horizontal) arc would be produced (Phillips ). The lamp was run in the same Rayox © collimated beam configuration with the same lamp driver and quartz window as in the previous experiments, with the resulting spectral outputs shown in Figure 10 and a photograph of the arc shown in Figure 11 . An increasing mercury pressure was used for CBT001 to CBT002 to CBT003, respectively.
A reduced internal mercury pressure resulted in an increase in the 200-230 nm range and the 250-260 nm peak, which is desirable for polychromatic UV disinfection studies when examining the complete spectral range between 200-300 nm.
The variation in spectral output data published in literature to-date, and demonstrated under different conditions in this paper, illustrates the possibility for limitations in polychromatic UV experiments and potential errors in medium pressure UV fluence calculations. Aspects that can contribute to this variation are the lamp type selected, the temperature Figure 10 | Spectral outputs of the prototype lamps in this study, measured using the experimental collimated beam apparatus as per a water sample exposure measurement. conditions in which the lamp is run and the angle of measurement compared to that of the sample.
CONCLUSIONS
There are several factors which may influence the polychromatic UV spectrum produced in collimated beam exposures and cause unwanted shifts in the spectrum. These variations, if not accounted for, can limit the usefulness of the collimated beam apparatus for certain experiments (e.g. disinfection studies where the full range of 200-300 nm wavelengths are required) and may also lead to errors when calculating polychromatic UV fluences.
To enable a more robust methodology for polychromatic UV collimated beam exposures, the following steps are proposed, as additions to the protocol of Bolton & Linden ().
• Spectral measurement -Spectral measurements should be taken at the water level of the Petri dish with a radiometer before and after exposures. This will account for the spectral transmission of quartz and any variation due the angle of the lamp in relation to the sample.
• Power measurement -The voltage to the lamp should be measured before, during and after exposure. The voltage levels should match those provided in information supplied from the lamp manufacturer and can be used as a surrogate to monitor the stability of the spectral output of the lamp during the exposure.
